A s the lightest known structural metals, magnesium alloys are treated as the green engineering materials of the 21st century due to their superior properties such as low density, high specific strength, excellent castability, good machinability and recyclability [1] .
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Magnesium alloys have been widely used in automotive, aerospace and 3C (computer, communication and consumer electronics) industries to replace steel, cast iron and even aluminum alloy. Such components and parts include steering wheels, gear boxes, notebook shells and mobile phone frames, etc. [2] . The performance of magnesium alloy parts is strongly influenced by the microstructure formed during solidification. Since the fluid flow has a significant impact on the structure formation of alloys during solidification [3] , and dendritic structure is probably the most commonly observed structure of magnesium alloys [4] , studying the effect of Abstract: Fluid flow has a significant impact on the microstructure evolution of alloys during solidification. Based on the previous work relating simulation of the dendritic growth of magnesium alloys with hcp (hexagonal closepacked) structure, an extension was made to the formerly established CA (cellular automaton) model with the purpose of studying the effect of fluid flow on the dendritic growth of magnesium alloys. The modified projection method was used to solve the transport equations of flow field. By coupling the flow field with the solute field, simulation results of equiaxed and columnar dendritic growth of magnesium alloys with fluid flow were achieved. The simulated results were quantitatively compared with those without fluid flow. Moreover, a comparison was also made between the present work and previous works conducted by others. It can be concluded that a deep understanding of the dendritic growth of magnesium alloys with fluid flow can be obtained by applying the present numerical model. fluid flow on the morphology and distribution of the dendritic structure of magnesium alloys is therefore very meaningful to control the microstructure formation, and consequently improve the properties of magnesium alloy parts. In recent years, numerical modeling and simulation have been rapidly developed as a powerful tool for predicting the time-dependent microstructure evolution during various solidification processes [5, 6] . Among those numerical modeling techniques, the CA method and PF (phase field) method have been extensively used as they both have the capability of predicting and depicting the evolution of complex solidification structures. For the dendritic growth of cubic metals, numerous simulation works have been reported [7] [8] [9] [10] [11] , whereas few have been done for the dendritic growth of magnesium alloys with hcp crystal structure. Using the PF method, Böttger et al. [12, 13] and Wang et al. [14] successfully simulated the dendritic growth of magnesium alloys, reproducing most of the dendritic features observed experimentally. Yuan et al. [15] simulated the dendritic growth of magnesium alloy AZ91D with forced fluid flow, but the simulated dendrite morphology only revealed the growth of primary trunks, and the evolution of secondary dendrite 
Solute transport
During the solidification of magnesium alloys, the solute redistribution plays an important role in determining the grain growth morphology and the corresponding microstructure characteristics. In the present work, the magnesium alloys were treated as binary alloys for simplification. As the solidification proceeds, the solute accumulates at the solidification front due to the solute rejection associated with the solidification of α-Mg. And then, the solute redistribution is governed by both diffusion and convection in the whole domain. Therefore, the governing equations for solute redistribution in the solid and liquid are given by:
where c l and c s are the solute concentrations of the liquid and solid, respectively. D l and D s are the liquid and solid solute diffusion coefficients. k 0 is the solute partition coefficient, while f s denotes the solid fraction. The last term on the right hand side of Eq. (4) represents the solute rejection at the solid/liquid interface due to the increment of the solid fraction of α-Mg.
Growth kinetics and capturing rules
Based on the fact that Mg has a hcp crystal structure, the dendrites of commercially available magnesium alloys grow with six-fold symmetry in the basal plane {0001}. In the present paper, based on the CA method, a growth model was established in which the growth kinetics were calculated from the complete solution of the transport equations. By defining a special neighbourhood configuration with the square CA cell, and using a set of capturing rules which was proposed by BeltranSanchez and Stefanescu for the dendritic growth of cubic crystal metals during solidification [10] , modeling of dendritic growth of magnesium alloy with six-fold symmetry and different growth orientations was achieved. More details relating calculation of the growth kinetics (including the growth velocity, solid fraction increment and mean curvature of the interface cells, etc.) and the capturing rules can be found in references [18, 19] .
Solution scheme of numerical model
In order to predict the dendritic growth of magnesium alloys with fluid flow, the CA model was coupled with a transport model for calculating solute transfer by both convection and diffusion during solidification. The continuity and momentum equations, Eqs. (1) and (2), were solved by the modified projection method based on the staggered grids [20] . An explicit finite difference scheme was employed for solving the time-dependent terms of Navier-Stokes equation, Eq. (2), and the species conservation equations, Eqs. (3) and (4). Both convection and diffusion terms were evaluated by the hybrid scheme.
arms was not observed. Guo et al. [16] and Yao et al. [17] accurately depicted the dendrite morphology of magnesium alloys with primary trunks and secondary dendrite arms, while all of them revealed a six-fold symmetry morphology. Meanwhile, in their simulation works considering the effect of fluid flow on dendritic growth, conclusions were made that the growth velocity of dendrite tips at the upstream side was much faster than that at the downstream side. Due to the requirement of a small cell size with respect to the thickness of the solid/liquid interface and the consequent massive computational power, the PF method is limited to a small calculation domain. Another drawback of the PF method is that some of the parameters do not have direct correlation with physical data, such as diffusion coefficients and mobility parameter. Compared to the PF method, the CA method has attractive advantages such as simplicity of formulation and computational convenience when implemented to solve phase transition problems with an acceptable computational efficiency. However, modeling of dendritic growth of magnesium alloys with fluid flow based on the CA method is still rarely reported at present.
In this paper, a numerical model was established coupling the CA model with the continuity and Navier-Stokes equations to simulate the equiaxed and columnar dendritic growth of magnesium alloys with fluid flow. The effect of fluid flow on the dendritic growth of magnesium alloys with different growth orientations was investigated qualitatively and quantitatively in case studies. Moreover, a comparison was also made between the present work and previous works conducted by others.
Numerical model and algorithms

Momentum and mass transport
Fluid flow during solidification is treated as incompressible fluid flow. Here, the momentum and mass transport of fluid flow is controlled by the continuity and Navier-Stokes equations written as follows.
Equation of continuity is Navier-Stokes equation is
where u is the velocity of the fluid flow, t is the time, ρ is the density which is considered to be constant in liquid and solid phases, P is the hydrostatic pressure, μ denotes the viscosity, and S is a source term via which the buoyancy force is taken into account. Compared to the forced fluid flow, the effect of buoyancy force on fluid flow is negligible, so the source term S is not considered during the calculation with forced fluid flow in this paper.
(1)
Since the solutal diffusivity is usually several orders of magnitude smaller than the thermal diffusivity, a zero-flux boundary condition was imposed for solute transfer at four surfaces of the calculation domain. To simulate the dendritic growth of magnesium alloys with fluid flow, a forced incompressible Newtonian fluid flow was constructed that it entered the calculation domain through the left boundary with a uniform inlet velocity, and then exited the calculation domain from the right boundary. While the fluid flows past the solidified cells in the center, the solidified cells were assumed to be rigid and stationary. No slip boundary condition was applied at the solid-liquid interface. Moreover, the top and bottom surfaces of the calculation domain were treated as the symmetrical boundaries for fluid flow.
Simulation results and discussion
Commercially available magnesium alloys AZ91 and AM60 were used in the case studies. The two alloys were treated as binary alloys for simplification, since the content of the remaining elements is extremely low except for the elements Mg and Al. The parameters and physical properties of the two alloys used in the present simulations are shown in Table 1 [18, 21] . 
Equiaxed dendritic growth with fluid flow
In order to verify the present CA model, a simulation was conducted to simulate the dendritic growth of AZ91 magnesium alloy with forced fluid flow. A single nucleus was set at the center of the calculation domain which was divided into 400×400 square cells with a cell size of 2 μm. No further nucleation was considered then. A uniform temperature field with a cooling rate of 80 K·s -1 was set at the calculation domain. Figure 1 shows the simulated equiaxed dendritic morphology of AZ91 magnesium alloy without fluid flow and with forced convection under a uniform inlet velocity of 0.1 mm·s -1 from the left boundary of the calculation domain. According to Fig.  1(a) , the dendrite is well-developed with six-fold symmetry under no fluid flow. Primary trunks and secondary dendrite arms grow along the direction and form an angle of 60° with respect to each other. Moreover, the lengths of the primary trunks are almost identical. With forced convection as shown in Fig. 1(b) , the dendrite reveals an asymmetrical morphology that the primary trunks and secondary dendrite arms at the upstream side grow faster and coarser than those at the downstream side. In other words, the growth of the dendrite trunks and side branching are all promoted at the upstream side and inhibited at the downstream side. It can be concluded that the simulated results are consistent with the experimental ones [22] and those simulated by the PF method [16, 17] .
The effect of fluid flow on the growth velocity of the dendrite could be explained as follows: as the solidification proceeds, the solute atoms are rejected in the liquid ahead of the solid/ liquid interface, and then washed away by the fluid flow from the upstream side to the downstream side, resulting in a lower solute concentration in the left region than that in the right region. According to the dendritic growth kinetics, the lower the solute concentration, the larger the local undercooling, and consequently the faster the growth velocity of the dendrite. An obvious evidence also can be found in Fig. 1(b) that the solute diffusion layer is much thinner at the upstream side than that at the downstream side, while the fluid flow is much weakened at the downstream side. A quantitative investigation was carried out to study the effect of the inlet velocity of fluid flow on the solute distribution at the dendrite tips as illustrated in Fig. 2 . It can be noted that the quantitative results agree well with the qualitative analysis. A larger inlet velocity of the forced fluid flow leads to a steeper solute concentration gradient at the upstream dendrite tips, which consequently accelerates the dendritic growth of the magnesium alloy. At the downstream dendrite tips, when the inlet velocity increases, the solute concentration gradient decreases owing to a faster migration of the solute atoms from the upstream side to the downstream side. In this case, the dendritic growth will be much slower. . A remarkable difference relating the dendritic morphology can be seen compared Fig. 3(a) with 3(b) .
According to Fig. 3(a) , four dendrites with different growth orientations are all well-developed with coarse primary trunks and clearly visible secondary dendrite arms. Particularly, the lengths of the primary trunks are almost identical, not only in one certain dendrite but also among all the dendrites. As the solidification proceeds, the dendrites impinge on each other, which results in coarsening of the dendrites. However, the dendritic growth is quite different with forced convection as shown in Fig. 3(b) . First, a similar conclusion can be made just like before that the primary trunks and secondary dendrite arms at the upstream side grow faster and coarser than those at the downstream side in one dendrite. Meanwhile, the solute diffusion layer is much thinner at the upstream side than that at the downstream side. Second, comparing the growth morphology of the four dendrites, it can be noted that the "sweep" effect of fluid flow varies with different growth orientations of the dendrites. Take the left two dendrites for instance, the growth orientations are 0 o (left-bottom) and 15 o (left-top), respectively. The primary trunks at the most-upstream side are marked as "g 0 " and "g 15 ", while "t 0 ", "b 0 " and "t 15 ", "b 15 " are secondary dendrite arms branching on "g 0 " and "g 15 ", respectively. It can be seen that "g 0 " grows symmetrically, whereas "g 15 " reveals an asymmetrical morphology that "t 15 " grows stronger than "b 15 ". Meanwhile, "t 15 " is also more well-developed than "t 0 ". The cause of this phenomena can be described as follows: the "sweep" effect of fluid flow is the most intense when the dendrite trunks and arms grow along the direction parallel to the fluid flow. While there is an angle between the directions of the fluid flow and the dendrite trunks and arms, the "sweep" effect of fluid flow is weakened. Therefore, "t 0 " grows poorer than "t 15 " since a relative larger angle forms between "t 0 " and the direction of fluid flow than that of "t 15 ". 4(a) and (b). For the convenience of description, the four dendrites are marked as No. 1, 2, 3 and 4 from the left to the right as illustrated. Due to the effect of fluid flow, the growth of the primary trunk "l 3 " of dendrite No. 3 at the upstream side is promoted, while the growth of the primary trunk "r 3 " at the downstream side is inhibited. A similar situation occurs during the growth of the dendrite No. 1. Meanwhile, secondary dendrite arms branching on the left primary trunks of dendrites Nos. 2 and 4 are more well-developed, since a poorer growth of the right primary trunks of dendrites Nos. 1 and 3 offers a more sufficient space for solue diffusion. Generally speaking, the effect of fluid flow on the columnar dendritic growth is much weaker compared to that of the equiaxed dendritic growth, for the fluid flow is usually blocked and hindered by the nearby columnar dendrite. In such case, the "sweep" effect of fluid flow is weakened on the other columnar dendrites. It can be seen that the simulated results are in accordance with those simulated by Yuan et al. for the dendritic growth of Ni-Nb alloy [8] . 
Conclusions
(1) A numerical model was established coupling the CA model with the continuity and Navier-Stokes equations to simulate the equiaxed and columnar dendritic growth of magnesium alloys with fluid flow. The capability of the present CA model was successfully verified by comparing the simulated results with the experimental ones and those simulated by the PF method. The simulated results indicate that the fluid flow has a profound impact on the dendritic growth of magnesium alloys.
(2) During the equiaxed dendritic growth of magnesium alloys with fluid flow, the dendrite reveals an asymmetrical morphology that the primary trunks and secondary dendrite arms at the upstream side grow faster and coarser than those at the downstream side. Meanwhile, a larger inlet velocity of the fluid flow leads to a steeper solute concentration gradient at the upstream dendrite tips, while the larger the inlet velocity, the smaller the solute concentration gradient at the downstream dendrite tips. Moreover, the "sweep" effect of fluid flow is the most intense when the dendrite trunks and arms grow along the direction parallel to the fluid flow. While there is an angle between the directions of the fluid flow and the dendrite trunks and arms, the "sweep" effect of fluid flow is weakened.
(3) The effect of fluid flow on the columnar dendritic growth is much weaker compared to that on the equiaxed dendritic growth, for the fluid flow is usually blocked and hindered by the nearby columnar dendrite.
